The anomalous Nernst effect (ANE), a thermoelectric phenomenon in magnetic materials, has potential for novel energy harvesting applications because its orthogonal relationship between the temperature gradient and the electric field enables us to utilize the large area of non-flat heat sources. In this study, the required thermopower of ANE for practical energy harvesting applications is evaluated in simulations of electric power obtainable from ANE using a low-temperature heat source. A strategy for finding magnetic materials having large ANEs is proposed, which suggests that a large ANE originates from the constructive relationship between large Seebeck, anomalous Hall, and transverse Peltier effects. This strategy leads us to investigate the electric and thermoelectric properties in This study can be a guide for developing materials for new thermoelectric applications using ANE.
Introduction

Energy harvesting using anomalous Nernst effect
There is an urgent need for ambient energy harvest technology to supply electricity to autonomous wireless sensor nodes working in the Internet of Things (IoT).
Thermoelectric power generation (TEG) using various heat sources such as environmental, waste, and body heat is one of the most promising ways of energy harvesting. In particular, TEG using the Seebeck effect (SE) has been extensively studied and is viewed as being able to overcome various remaining problems including low energy conversion efficiency, poor mechanical endurance and flexibility, etc. [1, 2] Since the required electric energy for harvesting applications is usually of a hundred µW to mW order, if the utilizable area of the heat source can be enlarged economically, it would be possible to obtain enough power even with poor energy conversion efficiency.
However, the Seebeck effect is a one-dimensional phenomenon in which the electric field appears in the coaxial direction of the temperature gradient, ∇T ; therefore, an SE-based TEG system must consist of a complex matrix thermopile structure, which is in principle not suitable for utilizing a large area of a non-flat heat source. Although TEG using flexible organic materials is being developed, the difficulty of obtaining a large temperature difference DT in a thin flexible module is a critical issue that makes it difficult to obtain sufficient electric output power. On the other hand, it has been recently proposed that the anomalous Nernst effect (ANE), which is a thermoelectric phenomenon unique to magnetic materials, has several important advantages as an energy harvesting technique. [3, 4] Here, the electric field of ANE ( ) can be expressed by the following equation, ,
where Q S and represent the anomalous Nernst coefficient and magnetization, respectively. As equation (1) indicates, ANE generates an electric field in the direction of the outer product of the magnetization and temperature gradient ∇T . This three dimensionality of ANE enables us to increase the serial voltage by using thermopiles consisting of simple laterally connected magnetic wires, because appears along the surface of a heat source, which is a significant advantage when it comes to enlarging the size of the TEG module and utilizing large-area heat sources covering hundreds to thousands square centimeters. Furthermore, in conventional SE-based TEG, the voltage of SE (V SE ) is proportional to S SE ⋅ ∇T ⋅ t(= S SE ⋅ ΔT ) ; thus, the TEG module t must be sufficiently thick for obtaining a large temperature difference DT. In contrast, the voltage of ANE (V ANE ) is proportional to S ANE ⋅ ∇T ⋅ L , with L being the length of magnetic wire;
i.e., V ANE depends on ∇T , not DT. Thus, even a thin papery ANE-based thermopile can generate a large electric voltage if ∇T is large. Therefore, ANE-based TEG has the potential to be a different type of thermoelectric energy harvesting technique using large non-flat heat source thanks to its simple laterally connected structure, high flexibility, mechanical endurance, and cost-performance. These unique advantages have stimulated studies on ANE not only for gaining a fundamental understanding of the phenomenon, but also for practical thermoelectric applications. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, studies on ANE are still
much fewer than those on SE, and the reported thermopowers of ANE at around room temperature are usually less than 1µV/K (the highest value to date is 3µV/K, in Fe 0.85 Ga 0.15 [13] ), which is obviously insufficient for practical energy harvesting applications. In addition, although there is a clear need for materials showing high thermopower of ANE, a strategy for finding such large ANE materials has not been established.
In this paper, first, we show the results of a simulation on the electric power obtainable using ANE-based TEG in a realistic energy-harvesting situation in order to estimate the 
Simulation of required thermopower of ANE for practical applications
In this section, we show the results of a simulation of electric power producible from ANE in a realistic IoT situation. We simulate the case of giving a temperature gradient ∇T in the z direction in a magnetic material (MM) having width w, depth d, thickness t, electric resistivity r, and thermal conductivity k as shown in Figure 1 . When the magnetization is aligned in the y-direction, the V ANE generated in the x direction is expressed as S ANE ⋅ ∇T ⋅ w , and the internal electric resistance R int in the x direction is written as R int = rw/td . Here, the work resistance R ext is connected to the left and right sides; thus, the power P obtainable by ANE is expressed as P =V ANE 2 / (R int + R ext ) . Here, we consider the case for optimal impedance matching R ex = R int , wherein P can be expressed using the following equation.
Thus, P is proportional to the square of S ANE and the volume of MM. To simulate the S ANE dependence of P, we need to estimate ∇T in a specific situation. Thus, as a typical example of energy harvesting for IoT, we estimated ∇T using a low-temperature heat source (HS) of 60°C and a heat bath (HB) of 20°C. We also took r and k to be 300 µW·cm and 10 W/mK, respectively, as these are typical values for magnetic metals having a relatively high r such as the Heusler compounds studied in this work. ∇T in a magnetic material generated by heat flowing from HS to HB depends on the interfacial thermal resistance between the magnetic material and HB (R MM/HB, unit is K/W respectively. Figure 1 shows the S ANE dependence of obtainable P for the above three cases. In this simulation, we consider 1-mm-thick MM with a relatively large area, A = wd = 50 × 50 cm 2 , for cases (i) and (ii) and with a small area, 5 × 5 cm 2 for (iii). It should be noted that, although 50 × 50 cm 2 is too large for conventional SE-based TEG, it is not an unrealistic size for ANE-based TEG because of its expandability as mentioned in the first section. From Figure 1 , we can see that when HB is air, we require an S ANE over 20-40 µV/K to obtain in excess of 100µW in this situation. On the other hand, if heat can convect to a flowing liquid HB such as water, 10 µV/K is able to provide over 100 µW output even when using 5 × 5 cm 2 HS. Therefore, we concluded from this simulation that achieving an S ANE in excess of 10µV/K is a realistic target for ANE-based energy harvesting applications with high heat convection. On the other hand, much higher thermopower, at least 20-40µV/K, would be required for applications with poor heat convection.
Strategy for finding magnetic materials having large ANE
Although it is necessary to explore magnetic materials having very large S ANE values for developing practical TEG applications using ANE, the previous studies did not state any guidelines for materials development. Therefore, here, we propose a strategy to obtain a large ANE based on the linear response equation of the electric field E under a temperature gradient ∇T . When we apply E and ∇T together to an electrically conductive material, the generated electric current J can be expressed using the electric conductivity tensor ! σ and Peltier tensor ! α ,
In the open circuit condition (J = 0), the electric field E induced by is written as
Therefore, the transverse field component E y , which mainly originates from ANE in the case of a magnetic material, can be expressed as
Since usually σ xx 2 >> σ xy 2 , the thermopower of ANE S ANE can be expressed using the diagonal and off-diagonal parts of the resistivity tensor, ρ xx (= 1 / σ xx ) and
, as follows:
This formula tells us that there are two different phenomenal sources in ANE. For simplifying the following explanation, we denote the first and second terms in eq. (5) as S I = ρ xx α xy and S II = ρ xy α xx . Although previous studies on CuCr 2 Se 4-x Br x and Ga 1-
x Mn x As quantitatively analyzed these two contributions of ANE [19, 20] , there is no mention of a strategy/policy regarding materials having a large S ANE from the view point ∇T of thermoelectric applications of ANE.
Therefore, here, we elaborate the phenomenological picture of S I and S II and propose guidelines for materials development.
As for the second term, the product of S II and , i.e., ρ xy α xx ∇T , can be converted into ρ xy j xx . Since j xx is regarded as flowback of the Seebeck current originating from a heat driven charge accumulation on the cold side, the contribution of S II to V ANE can be considered to be an anomalous Hall voltage originating from the Seebeck effect-induced charge current. Thus, S II can be also expressed as S II = S SE tanq AHE by using the Seebeck coefficient S SE (= r xx a xx ) and anomalous Hall angle q AHE (= r xy /r xx ). On the other hand, the product of the first term S I and , i.e., ρ xx α xy ∇T , is transformed into ρ xx j xy , indicating that the contribution of S I is considered to be a direct generation of the transverse current j xy from the transverse Peltier term a xy , which leads to the transverse electric field E ANE . Though the contribution of S I is often regarded as an intrinsic part of ANE apart from the contribution of AHE, here, we have to consider the magnitude and sign of both S I and S II for obtaining a large S ANE . It is known that the solution of the Boltzmann equation leads to a relationship between ! α and ! σ , and a xx and a xy are expressed as follows. [17] 
∇T ∇T and then in-situ annealed at 600°C. The composition of the films was measured by a combination of inductively coupled plasma mass spectrometry (ICP-MS) and x-ray fluorescence analysis (XRF). The thickness of the films was fixed at 30 nm. The crystal structure and atomic ordering were investigated by x-ray diffraction with a Cu K a x-ray source. Longitudinal and transverse electric and thermoelectric transport properties including ANE were investigated with a physical property measurement system (PPMS)
for films patterned by photolithography and Ar ion milling. The electric resistivity r xx was measured using a dc four-probe method by flowing a constant dc current of 3 mA. A systematic study of the anisotropic magnetoresistance effect (AMR) in Co-based Heusler thin films recently showed that the sign of the AMR ratio clearly reflects the position of E F ; i.e., AMR is positive (negative) when E F is inside (outside) the half-metallic energy gap. [25, 26] Thus, to see the expected shift of E F with increasing x, we systematically investigated the AMR ratio for the CMAS thin films while rotating the external magnetic field 360° within the film plane direction. ANE (AHE) was measured by flowing a heat (electric) current in the film plane direction and applying a magnetic field in the perpendicular direction. As for ANE, the temperature gradient was carefully measured through a calibration using an infrared camera and black body coating to correct the emissivity of the samples. The Seebeck effect was simultaneously measured with ANE. Note that, for actual ANE-based TEG applications, is perpendicular to a thin ferromagnetic wire to obtain V ANE from the remanent in-plane magnetization without applying an external magnetic field. However, here, we applied in the in-plane direction because it is strictly measurable in this configuration. We investigated the annealing temperature dependence from 500 to 700°C only for the Co 2 MnAl 0.63 Si 0.37 thin film showing the highest ANE.
Crystal structure and atomic ordering in CMAS films
Out-of-plane XRD patterns for the CMAS films annealed at 600°C are shown in Figure   2 (a). We clearly detected only (002) and (004) Vegard's law.
Anisotropic magnetoresistance in CMAS films
In magnetic materials, the electric resistivity r xx changes with the relative angle between the magnetization and applied electric current, which is called the AMR effect.
The AMR ratio is defined by (ρ // − ρ ⊥ ) / ρ // , where r // (r ⊥ ) is the resistivity when the magnetization is parallel (perpendicular) to the direction of the electric current. Thus, when r // < r ⊥ , the AMR ratio becomes negative. It was recently proved theoretically and experimentally that the sign of the AMR ratio in Co-based Heusler compounds is a useful signature for monitoring Fermi level tuning against the total number of valence electrons, because of its half-metallic nature. [25, 27, 28] Figure 3 (a) shows the AMR curves for the CMAS films. Co 2 MnAl film exhibits a large positive AMR ratio, which suggests that the E F of Co 2 MnAl is at the valence band edge of the half-metallic gap, as indicated by first principles calculations and experiments. [24] With increasing x, AMR gradually decreases and its sign turns from positive to negative around x = 0.4. At x = 1, i.e., Co 2 MnSi shows the largest negative AMR ratio, a signature property for which E F is in the half-metallic energy gap as reported in previous studies. [29] [30] [31] Therefore, from the analysis of the AMR ratio, we indirectly confirmed that E F shifts with increasing x. 2 MnAl from the intrinsic contribution due to the electronic structure.
Anomalous Hall effect in CMAS films
Seebeck and anomalous Nernst effect in CMAS films
ANE was measured in the same geometry as AHE was measured, by applying an inplane heat current instead of an electric current. The obtained transverse voltage V y was normalized by the width of the patterned film (w = 3 mm) and evaluated by an infrared camera, i.e., (V y /w)/ . Since V y is mainly generated by ANE, (V y /w)/ is regarded as the thermopower of ANE (S ANE ). Figure 5 shows the external magnetic field dependence of (V y /w)/ for the CMAS films. The x dependence of S ANE is summarized in Figure 6 (b). Interestingly, the Co 2 MnAl film having the largest AHE exhibits a very small S ANE of +0.9 µV/K, and S ANE gradually grows as more Al is substituted with Si.
The largest S ANE of +3.9 µV/K was observed for Co 2 According to the calculated energy dependence of s xy in Co 2 MnAl shown in ref. [21] , E F is predicted to be very close to the peak of the s xy vs. electron energy curve. Therefore, it can be inferred from equation (7) that our Co 2 MnAl film intrinsically has a negative S I because of the position of E F , but the sign changes to positive when E F moves to a higher energy through replacement of Al with Si and reaches a maximum at x = 0.37.
Annealing temperature dependence of anomalous Nernst effect in CMAS films:
Comparison of experiment and calculation
Finally, we investigated the annealing temperature dependence of the indicates the observed/simulated integrated diffraction intensity of the (hkl) peak, indicating that there is a mixture phase of B2 and partial L2 1 over 650°C. As a result of systematic measurements of the AHE, ANE, and Seebeck effect in these films, we found that S ANE dramatically increased from +3.9 µV/K at 600°C to + 6.2 µV/K at 650°C, the highest S ANE ever reported arising from a large S I (+3.3 µV/K) and S II (+2.8 µV/K).
To see if the experimental results and the theoretical values agree, we performed a first principles calculation to evaluate s xy and a xy . The first-principles technique was the tight binding-linearized muffin-tin orbital method under the local spin-density approximation [33] . To consider the AHE effect, the spin-orbital-coupling term under the Pauli approximation was added to the non-relativistic Hamiltonian. s xy was calculated from the Kubo-Bastin formula consisting of Fermi-surface and -sea terms [34] . The electron scattering effect originating from disordered occupation of the constituent atoms in both systems was taken into account in the coherent-potential-approximation [33] .
About 5 × 10 9 k-points were used for the Fermi-surface term and from 1 × 10 : to 5 × 10 9 depending on the energy variable in the integration for the Fermi-sea term in the full Brillouin zone [34] .
Figures 8(a) shows the annealing temperature dependence of the observed s xy and a xy as estimated from a xy = S I /r xx . s xy monotonically increases from 132 to 285 S/cm with increasing annealing temperature from 500 -700°C, which is as expected from the calculated s xy at E F or B2 to L2 1 -ordered Co 2 MnAl 0.63 Si 0.37 shown in Figure 8 (b). The smaller experimental s xy might be due to electron scattering at the surface, film/substrate interface, and impurities in the thin film. The experimental a xy shows a dramatic increase from about +0.5 to +1.2 A/mK in going from below 600 to above 650°C, together with an enhancement in L2 1 -ordering. a xy is theoretically evaluated from the energy dependence of s xy using the following equation by setting T=300 K. [17] α xy = 1 E-E F (Ry)
